The magnetic anisotropy and interlayer coupling of epitaxially grown Ni/Cu/Co sandwich on Cu͑100͒ have been studied in situ as a function of Cu and Ni thicknesses by magneto-optic Kerr effect. Oscillatory magnetic anisotropy of Ni layer is observed and attributed to the oscillatory interlayer coupling between the Ni and Co layers.
and related MRAM logic, 3 rely on the proper control of the direction of magnetization in the nanoscale films or nanopatterns. The tailoring of the magnetic anisotropy is, indeed, important for these future applications.
Magnetic anisotropy can be affected by several factors, such as structure, 4 film strain 5 and thickness, 6 broken symmetry at the surface/interface, 7, 8 and others, which provide the various options to tune the magnetic anisotropy. Interlayer coupling, the coupling between two magnetic layers sandwiched by nonmagnetic space layer, is also predicted to be one possible way to tune the magnetic anisotropy. 9 It is well known that the interlayer coupling has an effect on magnetic properties such as magnetoresistance or Curie temperature ͑T C ͒. For example, the T C of Ni layer in Ni/Cu/Co sandwich can be increased by 40 K through the interlayer coupling between the Ni and Co layers. 10 However its effect on magnetic anisotropy is still not fully explored. Qiu and co-workers studied the Ni/Fe/Co ͑Ref. 11͒ and Fe/Cu/Ni ͑Ref. 12͒ sandwiches on Cu͑100͒ by photoemission electron microscopy ͑PEEM͒ and observed that the critical thickness ͑d c ͒ of the Ni spin reorientation transition ͑SRT͒ in Ni/Fe/Co oscillates with Fe film thickness. Because of the complex structure and magnetic ordering of fcc Fe, [13] [14] [15] [16] the interpretation of such an oscillation could be complicated by various factors, therefore it is interesting and critical to check whether it really reflects the intrinsic property of interlayer coupling on the magnetic anisotropy.
Here we present the work in a Ni/Cu/Co sandwich to study the effect of interlayer coupling on the magnetic anisotropy of Ni layer. There are some advantages for choosing the Ni/Cu/Co sandwich. On the one hand, the Ni/Cu/Co sandwich can be easily epitaxially grown on Cu͑100͒ substrate with high sample quality; 17, 18 and the interlayer coupling as well as its effect on T C has been well established. 10 On the other hand, while the magnetization of Co layer is always in plane, the magnetization of Ni layer can be either in plane or out of plane depending on the thickness of Ni film. Simply by monitoring the signal in polar magneto-optic Kerr effect ͑MOKE͒, the out-of-plane magnetization of Ni layer can be separated from Co layer without using any chemically resolved techniques such as x-ray magnetic circular dichroism or PEEM. The well-known SRT of Ni on Cu͑100͒ ͑Ref. 19͒ will be used as a fingerprint to investigate the oscillatory magnetic anisotropy caused by the interlayer coupling.
Experiments were performed in an ultrahigh vacuum system with a base pressure below 4 ϫ 10 −8 Pa, equipped with an evaporation system for molecular beam epitaxially growth, surface analysis facilities including low-energy electron diffraction ͑LEED͒, reflected high-energy electron diffraction ͑RHEED͒ and Auger electron spectrum ͑AES͒, and in situ MOKE setup. The Cu͑100͒ substrate was prepared by cycles of 1 keV Ar + bombardment at 300 K, followed by annealing at 873 K for 15 min. This cleaning procedure was repeated until a sharp ͑1 ϫ 1͒ LEED pattern was observed and no contamination can be detected by AES. 15 All depositions were performed at room temperature ͑300 K͒.
A representative sample of 8 monolayer ͑ML͒ Ni/5 ML Cu/5 ML Co is characterized by LEED and RHEED. As shown in Fig. 1͑a͒ beam along the substrate ͓110͔ direction, is shown in Fig.  1͑b͒ . Intensities of ͑10͒ spots in the RHEED patterns were recorded as a function of time during the depositions of Co, Cu, and Ni layers, respectively, and shown in Fig. 1͑c͒ , clear oscillations can be seen for each layer, reflecting a welldefined layer-by-layer growth mode. Deposition rates were calculated from the oscillation periods so that all thicknesses can be precisely calibrated to minimize the uncertainness. Double-wedge samples were used as illustrated in Fig.  2͑a͒ . The Cu and Ni wedges were deposited on 5 ML Co on Cu͑100͒ along the x and y directions, respectively. By scanning with the laser spot of MOKE over the sample, we can find any desired combination of different thicknesses of Cu and Ni layers. Polar MOKE ͑P-MOKE͒ signal, which is sensitive to the out-of-plane magnetization of Ni layer, was measured as a function of Cu and Ni thicknesses at room temperature and plotted in Fig. 2͑b͒ . In the whole range of Cu thickness, the SRT of Ni can be observed. Two distinct regions of Cu thickness can be separated by the behavior of SRT. ͑i͒ For d Cu Ͻ 3 ML, there should be strong ferromagnetic coupling between Co and Ni layers in this very thin region, which strongly favors aligning the magnetization of Ni in plane and thus increases the d c of Ni as shown in Fig.  2͑b͒ . ͑ii͒ For d Cu Ͼ 3 ML, unlike the Ni/Fe/Co case, 11 the d c is around 8 ML and seems not sensitive to the Cu spacer layer thickness from the first glance.
However if we focus on the Ni layer of 8 ML, where the SRT happens, the results look very different. As shown by red dots in Fig. 3 , clear oscillation in the P-MOKE signal can be observed as a function of Cu layer thickness. For the peaks of oscillation at 3.6 and 4.8 ML, the magnetization is out of plane; while for valleys at 4.2 and 5.4 ML, it is in plane. This oscillation indicates that the easy axis of the Ni layer changes between in plane and out of plane, reflecting an oscillatory magnetic anisotropy as a function Cu thickness. The P-MOKE data for 7 ML ͑black squares͒ and 9 ML ͑blue triangles͒ Ni are also plotted for comparison. In both cases no oscillation can be distinguished. For 7 ML Ni, because the magnetization is in plane before the SRT, the near zero P-MOKE signal was observed; for 9 ML Ni, the SRT has finished and the magnetization is out of plane, thus a near constant signal was observed.
In order to establish the relation between the oscillatory magnetic anisotropy and interlay coupling, we need to directly compare them within the same sample. So we covered the sample with 2 ML Co, which coupling directly with the 8 ML Ni and pushing the magnetization of Ni in plane. Then the types of interlayer coupling were determined from the longitudinal MOKE ͑L-MOKE͒ measurements as described in the following. Typical hysteresis loops for ferromagnetic and antiferromagnetic interlayer coupling are shown in Figs. 4͑a͒ and 4͑b͒, respectively. For ferromagnetic coupling ͑FC͒, square loops with 100% remanent magnetization can be observed because the magnetizations are coupled to the same direction and behave like one layer. While for antiferromagnetic coupling ͑AFC͒, loops are quite different with a plateau appeared in low field, caused by the overall cancellation of magnetizations in the sandwich. The nonzero signal in the plateau is due to the unequal magnetization on two sides of the Cu spacer. As the magnetic field increased, the AFC is overcome and the magnetizations are forced to align along the external field, resulting in a high and flat saturate magnetization again. For AFC and FC, the remanent magnetization will be a minimum or maximum, respectively. We can use the remanent magnetization signal as an approximate measure of the coupling type. The remanent L-MOKE signal is shown by black squares in Fig. 4͑c͒ , the AFC and FC are marked at their corresponding thicknesses, respectively. The positions for no coupling ͑NC͒, which should be in between of AFC and FC, are marked by red arrows as well.
For comparison the P-MOKE signal for 8 ML Ni taken from Fig. 3 is also plotted in Fig. 4͑c͒ netization of Ni layer parallel or antiparallel to the magnetization of Co layer, which is in plane. So no matter FC or AFC, the interlayer coupling will always contribute an inplane magnetic anisotropy, which yields a minimum of P-MOKE signal. For NC, the strength of coupling is around zero and its effect is negligible, thus a maximum of P-MOKE signal should be observed. The good agreement between the P-MOKE signal oscillation and the interlayer coupling confirms that the oscillatory magnetic anisotropy of Ni layer is attributed to the oscillatory interlayer coupling. The disappearance of P-MOKE signal oscillation as d Cu Ͼ 6 ML, is presumably caused by the decay of the interlayer coupling strength, 20 as well as the interface roughness which can affect both the interlayer coupling 21 and magnetic anisotropy. 22 It is worth noting that magnetic anisotropy can also be affected by the hybridization between the pronounced quantum-well states in Cu layer 23 and d bands of the magnetic layer, as reported by Weber et al. 24 in a Cu/Co/Cu͑100͒ system; however, the oscillation is not a simple periodic but a more complicated one as discussed in details there. The oscillatory behavior observed here can be explained by the effective total magnetic anisotropy energy density for Ni film. Following Baberschke and Farle's discussion, 19, 25 it can be written as
where K 2 = K 2 − 1 2 0 M 2 is the effective second-order anisotropy constant, including magnetocrystalline and dipolar effects, K 4ʈ are the fourth-order anisotropy constant, and are angles with respect to the surface normal and ͓001͔. The interlayer coupling acts as an in-plane magnetic field for Ni, 26 whose direction depends on the magnetization of Co. This serves as an unidirectional anisotropy in the total energy as described as the last term in Eq. ͑1͒. The anisotropy con-
In general, K 2 dominates over all the other terms in Eq. ͑1͒. This explains why the magnetization is in plane for the 7 ML Ni layer, as K 2 Ͻ 0, and perpendicular for the 9 ML layer, as K 2 Ͼ 0. 19 For the 8 ML Ni layer, where the SRT occurs, K 2 is close to zero due to the cancellation of volume and interface/surface contributions. 19 Now the effect of interlayer coupling K c can compete with the sum for K 2 and K 4ʈ terms. For the case of FC ͑J Ͼ 0͒ or AFC ͑J Ͻ 0͒, K c overcomes the other two terms and favors an in-plane ͑ = 90°͒ magnetization which is parallel ͑ =0°͒ or antiparallel ͑ = 180°͒ to the Co magnetization. This leads to minimum of P-MOKE signals observed. For the case of NC ͑J =0͒, K c is zero. The perpendicular magnetic anisotropy of Ni layer in this case is mainly due to the uncompensated part of K 2 , which is still larger than K 4ʈ . The biquadratic interlayer coupling, which favors the perpendicular magnetic alignment of the Ni magnetization, could also contribute to the perpendicular magnetic anisotropy, 27 which would explain the maximum in the P-MOKE signals observed.
In conclusion, the magnetic anisotropy and interlayer coupling of epitaxially grown Ni/Cu/Co sandwich on Cu͑100͒ has been studied in situ as a function of Cu and Ni thicknesses by MOKE. An oscillatory magnetic anisotropy, varying between in plane and out of plane as a function of Cu thickness, was observed for 8 ML Ni, where the SRT happens exactly. By comparing the magnetic anisotropy and interlayer coupling within the same sample, we clearly establish that the oscillatory magnetic anisotropy is attributed to the interlayer coupling between Ni and Co layers. This tuning effect of magnetic anisotropy, which can be precisely controlled through space layer thickness, would be helpful for tailoring of magnetic materials in future applications. 
